ABSTRACT
INTRODUCTION
The steel industries require limestone as a fluxing agent in huge quantity, both in the blast furnace and steel melting shop. Commercial hydraulic transportation of limestone from the mine site to the steel industries can be an economically viable technology. Therefore, it is essential to formulate highly dispersed homogeneous slurry of ground limestone powder in water medium for hydraulic transportation through pipelines. The slurry rheology is required to be studied for evaluating the various hydraulic parameters such as optimum transport concentration, design velocity, pumping power, specific power consumption etc [1] .
The rheology behavior of the slurry is essentially to be controlled in many industrial processes such as transportation of slurries, dewatering and wet grinding [2] . A number of theoretical and empirical equations have been developed to predict the viscosity of concentrated suspensions [3, 4] . Each equation has achieved some agreement between prediction and measurement, but with limits to factors such as solids concentration and powder characteristics, in a variety of suspension systems.
Studies conducted on the rheological behavior of iron powder (average particle size was 28.48 µ m) suspensions with some binders indicated that the dynamic viscosity increased with increasing solid content due to strong interaction between particles [5] . The rhological behavior of calcite suspensions behaved as a shear thinning fluid with a yield value, and the viscosity increases when the particle size decreases due to attractive interparticle forces [6] . Experimental investigation on the rhelogical behavior of highly concentrated zirconia-wax mixtures implied that an optimal temperature control is very much essential for preparation of such mixture slurry for injection molding [7, 8] . A model was also proposed by Liu [9] to predict the maximum particle packing density ( m φ relationship [10, 11] Various physical and chemical properties of a slurry, such as solids concentration, particle size distribution, shear rates, temperature etc. have significant influences on the slurry rheology due to change or modification in surface property [12] . The investigation on the rheological behavior of limestone slurries (d 50 =24.68µm) indicated pseudoplastic behavior at higher concentrations. The maximum packing solids fraction ) ( m φ was predicted as 6 . 64 = m φ vol. % for the slurry with the addition of a polymeric dispersant [13] . However from commercial application point of view, a semi-empirical approach will be of great importance in determining the maximum packing solids fraction ) ( m φ from rheological data without addition of additives. In literature, the value of m φ , is considered as one of the most important parameters in describing the rheological properties of the slurry. In this paper, we aimed to investigate the rheological behavior of the limestone-water slurry to relate φ with r η and try to estimate m φ . The value of maximum solids fractions were determined experimentally and theoretically without application of any dispersant. By applying the various theoretical and empirical models, the relative viscosity of the slurry under given solids fractions were predicted using the maximum solids fraction m φ determined from the r η -φ relationship. Also the effect of particle size distribution and temperature on the relative viscosity of the lime stone slurry has been investigated.
EXPERIMENTAL

Raw materials
The limestone sample used for the study was procured from Purnapani limestone mines, Orissa situated around 30 km away from Rourkela Steel Plant. The raw samples of size 5 mm was dry ground in a ball mill and 2 product samples designated as S-1 and S-2 with different milling time intervals were taken for the study. The size distribution of the two samples S-1 and S-2 was measured in a Malvern PSD analyzer and the d 50 of the samples were determined to be 26.31 µm and 53 µm respectively. The particle size distribution is shown in Fig.1 . This has been finely ground taking into consideration the liberation characteristics of inorganic constituents present in it. The density of the sample has been determined with 50 ml standard specific gravity bottle. The density of the sample is 2.743g/cm 3 . The chemical analysis of the sample was done by standard methods and is given in Table 1 . 
Therefore, ) 1
Where the subscripts s and l denote solid and liquid, respectively, and the symbolsV , M , ρ and φ denote volume, mass, density and volume fraction of solid, respectively. Therefore, knowing the density of solids, the required amount of solids for a given volume fraction can be readily calculated. 
RESULTS AND DISCUSSIONS 3.1. Viscosity of Limestone Slurry
The slurry concentration for viscosity measurement was started from 20. It can be seen that slurries up to 37.8 vol. % show Newtonian behavior while beyond this vol. %, the slurry shows pseudoplastic nature. Therefore, it can be inferred that slurry changes to nonNewtonian behavior beyond 37.8 vol. %. The power law flow parameters n and K values for slurry samples S-1 and S-2 at 40.4, 43% and 46.0 vol. % were given in Table 2 indicating the pseudoplastic nature of the limestone slurry at these concentrations. The power law model fitted the experimental data excellently at higher solids concentration and is given by:
Where τ is the shear stress, γ is the shear rate, K is the consistency parameter n is the flow behavior index. Table 2 . Power law flow parameters for limestone slurry samples S-1 and S-2 at higher solids concentrations (C v , %). The dependence of relative viscosity on solid concentration against shear rate for sample S-1 is shown in Fig. 4 . The shear thinning behavior or "pseudoplastic" behavior of the slurry was observed and that the flow pattern of slurry is almost perfectly Newtonian with only a slight degree of shear thinning when the solid concentration of the slurry was less than φ <37.8, and that the shear thinning trend of the slurry become more predominant at increased solid concentration.. Here the shear thinning behavior can be explained as a perturbation of the suspension structure by applied shear. At low shear rates, the suspension structure is close to equilibrium, since thermal motion dominates over the viscous forces. At higher shear rates, the viscous forces affect the slurry structure more, causing the slurry structure to become distorted, hence leading to appear shear thinning [11] . The shear thinning behavior observed in the viscosity curve at higher solid concentration is confirmed from the shear stress-shear rate plot (Figs. 2 & 3) which may be attributed to the increase of interaction between particles. It was also indicated that the relative viscosity reduces and tends to a minimum at a shear rate of 300 s -1 . It may be mentioned that this range of shear rate is of more interest considering the laminar flow conditions of the slurry to evaluate hydraulic parameters for designing high concentration lime stone slurry pipelines.
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Effect of Particle Size Distribution
The rheological behavior of concentrated slurries is strongly related to the viscosity -dependence on the particle size [14] . The ground product becomes finer with increase in grinding time of the ore samples. Fig. 5 depicts the rheological behavior of the two slurry samples S-1 and S-2 having different median sizes at 46 vol. % concentration. The relative viscosity at a given shear rate indicates higher value for sample S-1 It is generally realized that a decreasing particle size (particularly when the particle size distribution is narrow) results in an increase in slurry viscosity, especially at low shear rates. In addition, the inter-particle attraction is expected to become stronger as the specific surface area of the particles increases at the same solids volume concentration of the slurry. Also the packing efficiency reduces in a material with a narrower particle size distribution at a fixed solids concentration. It may be mentioned that the fines content (<10 µm) in S-1 is more than twice that of S-2 as indicated in particle size distribution plot. Irrespective of the solids concentration, the specific surface area of the particles increases due to presence of more finer particles in sample S-1 that leads to the production of new surfaces and the total number of particles increases promoting a decreasing of inter-particle distance. For 3 sample S-2 with larger median particle size and with less proportion of finer particles, the interaction between particles is weak. Hence the relative viscosity indicates higher values for S-1 than S-2 at a specific solids concentration and shear rate. Also the power law model involving n and K depicts the rheological behavior of both the limestone slurry samples at higher solids concentration (>37.8 vol.%). The decreasing trend of n and increasing trend of K at the specified solids concentrations is well marked when the median particle size decreases as shown in Table  2 .
Effect of Slurry Temperature
During the process of grinding the ore samples, the temperature of ground slurry fluctuates between 30 O to 60 O C depending upon the grinding conditions which affects the slurry rheology [15] . Therefore the temperature dependence of viscosity of lime stone slurry was also investigated in the shear rate range of 1 to 300 s -1 . Figure 6 shows the variation of temperature where, r η is the relative viscosity at a particular shear rate, a E is the fluid -flow activation energy, T is the temperature in Kelvin, R is the universal gas constant, and A is a fitting parameter. A plot of relative viscosity versus reciprocal of absolute temperature should be linear which is quite evident from Figure 7 for the lime stone slurry. 
Viscosity Model Fitting
The maximum solid fraction ) ( m φ can be determined either by using the experimental data from rheological measurements or by utilizing theoretical approach. By adopting experimental approach, the relative viscosity at various volume fractions of solids are measured and plotted and the corresponding value of φ at high volume fractions of solids where a sharp increase in viscosity is observed may be considered as m φ [5] . For the limestone-water slurry sample S-1, it was found that the relative viscosity sharply increases at a solids fraction of m φ~0.462 (Fig. 8) . model [19] were utilized to predict the slurry viscosity and the models are presented in Table 3 .
Liu [9] has proposed a model to estimate the theoretical, maximum solid fractions 
Where, the constant a (slope of the straight line) and b (intercept value) were determined from the ) 1 (
-φ relationship using the experimental data. This value was low when it is compared with what is achievable by the random close packing of mono-size spheres ( m φ =0.64). It is presumably due to the apparent particle agglomerations found in the starting limestone powder samples that exist persistently in the suspension to an unspecified extent even after high -shear ball milling.
For high solids concentration, the viscosity model for slurry as proposed by Liu is given as: Table 3 , where ' n ' is a flow-dependant parameter and suspension specific. For the present investigation the values a and n determined from Liu's analytical model is given in Table 4 . These values were adopted to calculate the viscosity of limestone-water slurry and the data fitted reasonably better in the range of solids concentration studied. Table 4 .
Vol Table 4 . The intrinsic viscosity value obtained is close to the value computed by using Eq. 9. However the value of ] [η so obtained deviates substantially from [η ] =2.5 for the mono-sized spherical particles in suspension, presumably due in part to the agglomerated nature of the particles used, as well as to the particle size distribution involved in the starting powder. 
Comparison of models
The comparison of predictive r η and the experimentally measured r η at solids concentration studied in the present investigation are presented in Table 5 . The calculated %, errors as shown in Table 6 and the discrepancy in predicting r η (over and under prediction of the models with experimentally measured data) by using different models may be attributed to various factors as enumerated in the following paragraph. The shear thinning behavior of the limestone slurry in the range of shear rate studied is typical of agglomerated or flocculated suspensions. The presence of flocculants may increase the viscosity of the slurry at higher solids concentration which requires application of more amount of stress to promote particle alignment in the direction of shear by breaking down the structure of floc/aggregates. This indicates that in a lower range of shear rates, the attractive interparticle force is predominant over the hydrodynamic force exerted by a flow field affecting slurry viscosity [12] . Also the repulsive forces due electrostatic interactions are quite significant in aqueous suspensions. The other factors such as particle shape effect of the limestone powder, particle size and size distribution, distribution of the carrier medium i.e. water in the suspension may contribute to the discrepancy observed with various models [7, 20] . In addition, the models used all assume implicitly a 'hard' and same diameter sphere model in given suspension system. Therefore, the discrepancy was found in the rheological prediction among all models.
CONCLUSIONS
The rheologcal behavior of limestone slurry of Purnapani limestone mines in aqueous medium were investigated which indicated pseudo plastic shear thinning behavior beyond 37. model were utilized to predict and compare the slurry rheology. The Liu's model fitted reasonably better the experimental data at all range of solids concentration investigated. The influence of particle size distribution also significantly affects the slurry rheology which was quite evident for the two limestone samples S-1 and S-2 with different d 50 (median particle size) and extent of fines content. The sample S-1 with d 50 = 26.31 µm and more percentage of fines content (< 10 µm) exhibited higher relative viscosity than S-2 at a specified solids concentration of the slurry within the studied range of shear rates. Also the relative viscosity of the slurry reduces with increase in temperature and the change in relative viscosity with temperature of limestone slurry could be described by a simple Arrhenius type of equation for the range of temperature and concentration investigated
The two parameter equation involving ' a ' and m φ proposed by Liu may enable accurate prediction of slurry rheology with respect to solids concentration for maintaining the desired slurry viscosity. This will be beneficial in evaluating the hydraulic parameters accurately from slurry rheology such as optimum solids concentration, design velocity, pumping power requirement, and specific power consumption etc. for commercial design of limestone slurry pipelines at higher solids concentration.
